Abstract. The conducting materials based on 2-(1,3-dithiol-2-ylidene)-5-(pyran-4-ylidene)-1,3,4,6-tetrathiapentalene (PDT-TTP) and its thiopyran and/or selenium analogues have been developed. The ethylenedithio derivative (ET-PDT) affords 4:1 salt with PF 6 -anion (ET-PDT) 4 PF 6 (cn) (cn = 1-chloronaphthalene). It has the so-called λ-type array of the donors with quasi one-dimensional electronic structure due to strongly tetramerized stack. On the other hand, (TM-TPDS) 2 AsF 6 adopt the "windmill type" array of the donors. In this salt, relatively large side-to-edge interactions stabilize their electronic structure, while effective side-by-side interaction is inhibited by methythio groups projected along the molecular short axis. In contrast, edge-to-edge interactions are dominant in (SM-PDT)PF 6 (PhCl) x through selenium-selenium contacts along the molecular long axis. (ET-PDT) 4 PF 6 (cn) shows metallic conductivity down to 1.5 K, while (TM-TPDS) 2 AsF 6 is an organic metal exhibiting MI transition at 100 K. On the other hand, (SM-PDT)PF 6 (PhCl) x is a semiconductor with relatively high conduuctivity of σ rt = 4.8 S cm -1 in spite of 1:1 composition.
INTRODUCTION
Development of conducting materials with multi-dimensional electronic structure has received considerable attention in the search for molecular metals stable down to low temperature and superconductors as a result [1] . We have investigated on bis-fused TTF, 2,5-bis(1,3-dithiol-2-ylidene)-1,3,4,6-tetrathiapentalene (BDT-TTP or simply TTP), which is designed by fusion of two TTF units, in other words, insertion of a tetrathiapentalene unit between two 1,3-dithiole rings of TTF [2, 3] . It is a promising π-electron framework for 2D metals, because it has a ladder-like array of sulfur atoms, and the molecular orbital coefficients of sulfur atoms in the highest occupied molecular orbital (HOMO) are same to each other similar to BEDT-TTF. Therefore, BDT-TTP is expected to achieve two-dimensional conductivity based on side-by-side interaction without introduction of any substituent. In fact, it has afforded a number of metallic radical cation salts stable down to low temperatures regardless of shape and size of counter anions [3] . Furthermore, a vinylogous TTP donor, 2-(1,3-dithiol-2-ylidene)-5-(2-ethanediylidene-1,3-dithiole)-1,3,4,6-tetrathiapentalene (DTEDT) has yielded an organic superconductor with the Au(CN) 2 -anion [4] . In this context, TTP-type donors having different skeletons from TTF is of interest from the viewpoint of development of novel molecular materials [5] . In this paper, we focus conducting materials based on TTP-type donors containing a pyran-4-ylidene moiety, 2-(1,3-dithiol-2-ylidene)-5-(pyran-4-ylidene)-1,3,4,6-tetrathiapentalene (PDT-TTP) and its thiopyran analogue TPDT-TTP. These donors are possible to achieve significant intermolecular overlap along the molecular long axis, arising much expectation for new type of molecular arrangement, for example, three dimensional (3D) array with significant intermolecular interaction through chalcogen atoms in the (thio)pyran ring in addition to π-π stacking and side-by-side chalcogen-chalcogen interactions. Figure 1 shows the HOMO of PDT-TTP calculated based on a semiempirical MNDO method [6] . The HOMO of PDT-TTP is constructed from the in-phase interaction between those of TTF and 2-(pyran-4-ylidene)-1,3-dithiole (PDT) units. In the HOMO of PDT-TTP, all sulfur atoms in the 1,3-dithiole rings possess the same phase. This result indicates an effective side-by-side intermolecular interaction in the charge-transfer salts, which is an indispensable requirement for the realization of 2D electronic structures. The molecular orbital coefficient of oxygen atom (0.208) is as large as those of sulfur atoms in the TTF moiety (0.192-0.275). Therefore, multi-dimensional interaction through cahlcogen atoms in (thio)pyran ring could be expected. 
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MOLECULAR ORBITAL CALCULATION
SYNTHESIS
The synthesis of PDT-TTP derivatives was carried out according to in Scheme 1 [6] . TPDT-TTP derivatives have been also obtained by the similar procedure [7] . Construction of the π-electron framework has been achieved using 1 as a starting material by the successive introduction of tetrahydropyran-4-ylidene and 1,3-dithiol-2-ylidene moieties to the central tetrathiapentalene one by means of Wittig-Horner reaction followed by phosphite-mediated cross coupling. The unsubstituted derivatives were obtained in 60-88% yields by heating the bis(demethoxycarbonyl) derivatives with an excess of LiBr·H 2 O in hexamethylphosphoramide (HMPA).
ELECTROCHEMICAL PROPERTIES
Redox behaviour of (T)PDT-TTP derivatives has been investigated by cyclic voltammetry [6, 7] . PDT-TTP exhibits three pairs of redox waves at 0.42, 0.63, and 1.07 V (vs. SCE in benzonitrile), the highest of which corresponds to two-electron transfer. In contrast, the thiopyran analogue TPDT-TTP shows four pairs of one-electron transfer waves at 0.37, 0.60, 0.94, and 1.11 V under the same condition. The E 1 value of TPDT-TTP is a little is lower by 0.07 V than that of BDT-TTP (0.44 V), suggesting that the donating ability is enhanced by thiopyran modification, whereas the E 1 of PDT-TTP (0.42 V) is comparable to that of BDT-TTP. On the other hand, the E 1 values of these donors are higher by 0.02-0.12 V and 0.07-0.13 V compared with those of each half unit of TTF (0.35 V) and PDT (0.29 V) or TPDT(0.28 V), and are almost same as that of bis(methythio)-(T)PDT. Furthermore, introduction of substituents or exchange of sulfur atoms with seleniums on the outer 1,3-dithiole ring little affects the E 1 value. These results strongly indicate that the positive charge formed by the first one-electron oxidation mainly distributes on the (T)PDT moiety and that the TTF moiety acts as sulfur-based substituent. On the other hand, the E 2 -E 1 values of (T)PDT-TTP (0.21-0.23 V) are smaller by ca. 0.2 V than those of TTF (0.42 V), PDT (0.44 V) and TPDT (0.41 V), suggesting significant decreases of the on-site Coulomb repulsion in the dicationic state due to the delocalization of two positive charges over the whole molecules.
STRUCTURES AND PROPERTIES OF CONDUCTIVE MATERIALS
Among the radical cation salts and charge-transfer complexes obtained so far, structures and properties of three kinds of the materials, (ET-PDT) 4 PF 6 (cn) (cn = 1-chloronaphthalene) [6] , (TM-TPDS) 2 AsF 6 [8] , and (SM-PDT)PF 6 (PhCl) x [9] , are mentioned in this section.
(ET-PDT) 4 PF 6 (CN) (CN = 1-CHLORONAPHTHALENE)
The ethylenedithio derivative of PDT-TTP (ET-PDT) affords 4:1 salt with PF 6 -anion (ET-PDT) 4 PF 6 (cn) (cn = 1-chloronaphthalene). The donors form conducting sheets, each of which is divided by the insulating layers composed of the anions and solvents. The array of the donors is classified as the so-called λ-type (Figure 2 ). Thus, two crystallographically independent two ET-PDT molecules A and B form a face-to-face stack with a four-folded period as AABB. The donors are stacked in a head-to-tail manner for molecules AA and BB, while they are stacked in a head-to-head manner for AB (Figure 3 ). This salt seems to have an almost uniform stack from the viewpoint of interplanar distances (3.60-3.62 Å) at first glance. However, the head-to-tail overlap between the unsymmetrical π-electron frameworks prevents an effective intrastack overlap, because the phases of the molecular coefficients between the outer 1,3-dithiole ring and the pyran one are less consistent. As a result, the calculated overlap integrals of the head-to-tail stack, p1 (8.6 x 10 -3 ) and p3 (4.9 x 10 -3 ), are only about one half or one quarter the head-to-head overlap p2 (-16.4 x 10 -3 ). Therefore, (ET-PDT) 4 PF 6 (cn) can be regarded to have strongly tetramerized electronic structure along the stacking direction. Because the overlap along the c direction is much larger than that along the a direction, the calculated Fermi surface is quasi 1D closed only along the k c direction. ET-PDT forms a highly conducting TCNQ complex and radical cation salts with octahedral and linear anions (σ rt = 2-80 S cm 1 ), all of which exhibit metallic temperature dependence down to 1.5-4.2 K. Figure 5 shows the crystal structure of (TM-TPDS) 2 AsF 6 . This salt has no 2D conducting sheet in contrast to usual TTP conductors. Instead, the donors are arranged in a "windmill" manner in the bc plane, while they are stacked along the a axis. The anions are located in a cavity formed in the center of the windmill, and are surrounded by hydrogen atoms in the methylthio groups and thiopyran ring in the donors. The unsymmetrical TM-TPDS molecules form slightly dimerized column along the a axis, in which the donors are alternately stacked. There are many sulfur-sulfur contacts shorter than the sum of van der Waals radii (3.60 Å) between the central tetrathiapentalene moiety and the thiopyran ring or methylthio groups. Thanks to the relatively large molecular orbital coefficient of the sulfur atom in the thiopyran ring as well as short sulfur-sulfur contacts, the calculated overlap integrals between columns are as large as approximately 10% of the intracolumn overlaps. However, the calculated Fermi surface is unfortunately closed only along the k a direction because intrastack interactions are still dominant in the present salt ( Figure 6 ). (TM-TPDS) 2 AsF 6 showed high conductivity of σ rt = 240 S cm -1 and exhibited metal-like temperature dependence down to 100 K. Below this temperature, the resisitivity gradually increased. The critical temperature of metal to semiconductor transition decreased a little as the pressure increased, however, this transition could not be suppressed even at 11 kbar (Figure 7) . This metal to semiconductor transition should not be a Peierls transition derived from a highly 1D character because no obvious decrease of magnetic susceptibility was observed below T MI . 
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(SM-PDT)PF 6 (PhCl) x
The results mentioned above indicate exchange of sulfur (or oxygen) atoms with seleniums on tetrathiapentalene, methylthio and (thio)pyran-4-ylidene moieties, raising much expectation for the formation of a windmill-type structure with higher 3D character. Thus, a bis(methylseleno) derivative SM-PDT has been investigated. However, SM-PDT forms 1:1 salt with a octahedral anion (SM-PDT)PF 6 (PhCl) x , in which the packing pattern of the donors is quite different from that of (TM-TPDS) 2 AsF 6 . Therefore, the donor stacks are completely separated by counter anions and disordered solvents along the a axis (Figure 8a ), indicating no side-by-side interaction. Instead, short seleniumselenium contacts within the sum of the van der Waals radii are observed between methylseleno groups. Therefore, donor stacks are bridged by these Se-Se interactions to form a 2D sheet-like structure. The packing pattern of this salt viewed along the molecular short axis resembles to donor array of β"-BEDT-TTF salts viewed along the molecular long axis (Figure 8b ). Thus, we call this type of structure as pseudo β"-type arrangement. The Se-Se contacts between methylseleno groups in this salt may be more preferable than the edge-to-side interactions through the tetrathiapentalene moiety as is observed in (TM-TPDS) 2 AsF 6 . Interstack overlap integral through methylseleno groups is approximately one fourth as large as the intrastack ones, and is significantly as large as the longitudinal interaction. The band calculation suggests that this salt is a band insulator because of the 1:1 composition and of a dimerized column. However, it shows a relatively high conductivity of σ rt = 4.8 S cm -1 Considering such high conductivity in spite of its being a 1:1 salt as well as the relatively large edge-to-edge interaction, the 2:1 salts with the same donor array can be expected to exhibit metallic conductivity down to low temperatures. ).
CORRELATION BETWEEN MOLECULAR STRUCTURES AND DONOR ARRAY
All the salts form face-to-face stack due to relatively high planarity of the molecules in the oxidized materials. In the case of ET-PDT salt, relatively effective side-by-side interaction is realized thanks to presence of tetrathiapentalene and ethylenedithio groups. Combination of face-to-face stack and sideby-side interaction results in λ type donor packing.
In contrast, the other donors have methychalcogeno groups, which are spread out nearly on the molecular plane. In those cases, effective side-by-side interaction should be hindered. However, there are the other sites for intermolecular interaction, namely chalcogen atom in the chalcogenopyran ring and methychalcogeno groups. Thus, side-to-edge interaction between tetrathiapentalene and pyran ring derived from tetragonally arranged molecules becomes dominant in the case of (TM-TPDS) 2 AsF 6 . In other words, the windmill array should be both electronically and sterically a more preferable structure than usual 2D array as is seen in most TTP type conductors and (ET-PDT) 4 PF 6 (cn). On the other hand, selenium-selenium interaction should be stronger than oxygen-sulfur one in the case of (SM-PDT)PF 6 (PhCl) x . Such strong edge-to-edge interaction leads to formation of pseudo β"-packing more preferably than windmill structure. 
SUMMARY AND OUTLOOK
In summary, TTP-type donors containing (thio)pyran-4-ylidene (T)PDT-TTP and the selenium analogues have afforded novel molecular conductors with multi-dimensional molecular packing. The array of the donors strongly depends on the substituents on the outer 1,3-dihtiole ring. Namely, 3D "windmill" molecular packing with significant edge-to-side interaction is achieved by introduction of the thiomethyl groups, while ethylenedithio substituent yield usual 2D array of λ-type. On the other hand, the bis(selenomethyl) derivative SM-PDT has afforded novel donor packing of quasi β"-type based on edge-to-edge interaction through selenium-selenium contacts. The results mentioned here should bring much expectation of controlling the molecular packing in (T)PDT-TTP type conductors with higher functionality. For example, the bis(thiomethyl) derivatives of tetraselenapentalene analogues (TM-PDT-TTP and TM-TPDT-TSP) are quite promising to produce stable metals down to low temperature with higher 3D character than TM-TPDS salts. On the other hand, the bis(telluromethyl) derivative TeM-PDT could be expected to yield 1:1 metals with quasi β"-type 2D molecular packing. We are actively investigating on the synthesis of those new donors. 
